High helical twisting powerchiral additives are required for an expanding variety of liquid crystal displays and devices. Molecular conformation plays a critical role in determining the helical twisting power, HTP, of chiral additives. We studied additives based on an isosorbide benzoate ester core. Molecular modeling revealed two low energy states with very different conformations for this core The ultra-violet absorption and NMR spectra show two stable isosorbide conformers These spectra reveal how the relative populations of these two conformations change with temperature and how this is related to the helical twisting power. Conformation changes can explain many of the observed anomalous responses of HPT to temperature.
INTRODUCTION
Chiral liquid crystals have intrigued scientists since their first discovery in 1888. In particular liquid crystals magnify the optical rotary power of a chiral material by orders of magnitude. They transfer chirality from the molecular level into a microscopic, periodic twisting of the liquid crystal director. The chiral nematic phase efficiently reflects light that is on the order of the period of the microscopic twist. When this twist is on the order of the wavelength of visible light the material is brightly colored.
The chirality of molecules is often described by their specific rotation of polarized light. 1 The specific rotation of organic molecules is temperature dependent. 2 This change is ascribed to changes in the distribution of molecular conformations and the resulting impact on the ability of a chiral center to rotate the polarization of incident light. This temperature dependence is small compared with the temperature dependence of the HTP for the materials dissolved in a liquid crystal host. What is important in respect to this paper is the ability of specific chiral additives to induce helical twist in a nematic liquid crystal.
The mechanism of chiral induction in a nematic liquid crystal is of great interest both from a basic science perspective and for a variety of applications, including bistable cholesteric and blue phase displays. A recent review by Pieraccini and coworkers does an excellent job of summarizing the current understanding to chiral induction. 3 In general the ability of a chiral additive to induce a helical twist in the nematic phase is quantified by the helical twisting power, HTP. Materials with high HTP typically have two or more planar groups that are twisted relative to one another inducing structural chirality. While the HTP is enhanced with relatively rigid molecular structures 4 solubility requires some conformational flexibility. The HTP varies for different conformers and the measured HTP will be a weighted average of the ensemble of conformers.
The HTP of a chiral additive varies as a function of temperature. Interestingly the HTP can increase, decrease or remain relatively constant with temperature depending on the specific chiral additive and also on the liquid crystal solvent. This temperature dependence of the HTP of chiral additives has been effectively used to produce thermometers and other temperature sensing devices. However, most display applications of chiral nematics require little or no change in HTP with temperature. It is therefore important to understand the molecular basis for the temperature dependence of HTP and to design chiral additives accordingly.
The dependence of helical twisting power on the conformational distribution of the chiral additive was used by Chilaya to help explain the wide variations in the temperature dependence of the helical twisting power for various chiral additive/liquid crystal solvent combinations. 5 Specifically he noted that the relative population of the different conformations will depend on the free energy difference between the two conformations and the temperature based on the Boltzman distribution. Slaney and coworkers discussed how this change in conformational distribution could be used to explain the sign inversion of the HTP of some benzoate esters.
In this paper we experimentally verify the relationship of the temperature dependence of HTP with changes in the conformational distribution of the chiral additive. We also discuss how conformation of both the chiral additive and the liquid crystal host affects the HTP.
EXPERIMENTAL
The chiral additive, an isosorbide benzoate ester, was synthesized, purified and the helical HTP was measured as a function of temperature. The ultraviolet absorption spectra were measured using a Perkin Elmer, Lambda 9. Dilute solutions (adjusted to have absorption maxima around 1) of the chiral additive dissolved in octane were placed in a 1cm quartz cuvette with a matched cuvette filled with heptane used as reference. Spectra were measured between room temperature and 50°C for both heating and cooling cycles. Proton NMR spectra were obtained using deuterooctane/deuteron chloroform blend as solvent. UV visible spectra of the pure compounds were measured as thin films spin coated on quartz substrates.
RESULTS AND DISCUSSIONS
The structure of the isosorbide material studied is shown in Figure 1 . The chirality of the central core provides the twist in the molecular structure producing the relatively high HTP. In this study we focused on an isosorbide where R is -O-(CH 2 ) 6 CH 3 , referred to in this paper as CD6.
The 5 member rings at the core of the CD6 exist in two conformations termed the twist and envelope structure. The two rings of the isosorbide core exist in two predominant conformations termed the boat and chair, analogous to the structure of cylcohexane. Molecular modeling of the CD6 shows that the boat and chair conformations are very different with the boat conformation taking on a more folded spherical overall shape and the chair conformation having a more propeller like shape. These large changes in overall structure would be expected to produce distinctly different HTPs. Figure 2 shows the molecular models of these two conformations of CD6. The molecular model predicts that the boat and chair conformer of CD 6 vary in free energy by about 3.5 Kcal/mole for the molecule considered in vacuum.
The exact conformation of the chiral additive will depend on the liquid crystal host and will differ somewhat from the model. However, the model provides a good starting point for understanding the temperature dependence of the HTP of CD6. As noted above the distribution of the two conformers will depend on the difference in their free energy based on a simple Boltzman distribution. Figure 3 shows the population distribution between two conformers based on the difference in their free energy. If there is a large difference ( >5kcal/mol) in the free energy essentially only one conformer exists at practical temperatures. Conversely if there is only a small difference in the free energy (<.5kcal.mol) the two conformers have a nearly equal distribution that changes little over practical temperature ranges.
Returning to the analysis of the CD6 it is apparent that a free energy difference between of the boat and chair conformation of 3.5 kcal/mol will result in a large change in the population distribution as the temperature is raised from room temperature. Figure 4 shows the UV absorption spectrum of CD6 dissolved in octane. A distinct shift in the absorption spectrum is apparent as the temperature is raised from room temperature to 50ºC. This shift is more apparent if the absorbance at higher temperatures are divided by the measured at room temperature as shown in Figure 4 .
The UV absorption spectrum of a particular molecule is a sensitive measure of the molecular conformation. All other factors being equal a slight shift in molecular conformation can have a pronounced effect on the extinction coefficient The differential absorption spectrum shown in figure 4 provides further and convincing evidence for changes in the conformer distribution with temperature. The difference spectra are obtained by dividing the absorbance at a particular temperature and wavelength by the value measured at 0°C. These difference spectra highlight any changes observed in the absorption of the mixture with temperature.
The existence of a clear isosbestic point at about 225 nm clearly demonstrates the reliability of the measurement and the existence of only two predominant conformers of the CD6 molecule. The isosbestic point occurs because this is the point where the two conformers have the same extinction coefficient and the overall absorption spectrum is independent of the relative concentrations. It is highly unlikely that this will occur if there are more than two primary conformers.
The existence of the two primary conformers as also confirmed by proton NMR spectroscopy. In this case the ratio of the geminal/vicinal coupling constants of the two methylene carbons in the bridged 5 member rings of the isosorbide core changes as a function of temperature confirming the change in conformer ratio.
Similar behavior is observed for other members of this isosorbide series having alkyl chains with between 3 and 7 methylene carbons in the chain. Each also has a large HTP with a large temperature dependence. Figure 5 shows the differential absorption spectra for this series and showing a clear isosbestic point for each member of the series.
Interestingly as the length of the alkyl chain is further increased the clear isosbestic point disappears from the difference spectra. Figure 6 shows the differential absorption spectra for CD9 with 9 methylene spacers in the alkyl chain. The lack of the isosbestic point shows that there are not two predominant conformers. Molecular modeling of the CD9 also produces distinctly different results from the shorter alkyl chain analogs with a more folded conformation seen for both the chair and boat like core structure and a smaller free energy difference between the two.
It is informative to consider the molecular factors that promote high HTP and also how these factors may impact the temperature dependence of the HTP. First, as noted in the Pieraccini review high chirality is enhanced by molecular structures including a relatively rigid core. This promotes the stability of a twisted chiral structure. The rigidity of the core is limited by the need for the chiral additive to be soluble in the liquid crystal host. This will require some flexibility in the molecular structure. The balance of these requirements could very well lead to selecting chiral additives with semi rigid ring core structures that have two or more stable conformations. Referring back to the Boltzman distribution, if these stable conformations vary in free energy by more than .5 kcal/mol but less than 5 kcal/mol their relative distribution will change significantly over normal operating temperatures for displays and related electro-optic devices. If the HTP of these conformations is significantly different then this will result in a large temperature dependence of the HTP. In this scenario it is easy to conceive of an HTP that increase or decreases with temperature. Changing the liquid crystal host might also change the magnitude or even the sign of the temperature dependence of the HTP simply by altering the relative stability of conformers.
UV spectroscopy has the potential to shed light on how the chiral addivitive and the liquid crystal host interact. For example in an earlier paper Gottarelli and colleagues postulate that a chiral additive induces chirality in a biaryl solvent such as cyanobiphenyl. 7 In this case it is important to recognize that the two rings of the biphenyl are twisted about the connecting bond as a mean of reducing the stertic strain found in the planar structure. The biphenyl molecule may twist either to the left or right forming an enantiomeric pair of opposite chirality. In an isotropic environment the two pairs are of equal free energy and are separated by a relatively small energy barrier. They therefore interconvert rapidly at room temperature. As pointed out by Gottarelli, it is likely that a chiral additive will prefer nearest neighbors of on chirality, thereby breaking the energetic symmetry of the host. Simply put a chiral additive will tend to be surrounded by solvent molecules of one chirality. This chiral induction may propogate into the nematic host. This selection should also change the UV absorption spectra of a cyanoalkylbiphenyl host. Preliminary measurements of thin films of these materials have provided some evidence of this effect. 
SUMMARY AND CONCLUSIONS
This paper investigates the mechanism of the temperature dependence of high HTP chiral addtives. The high HTP is typically the results of the molecular structure and typically the twisting of planar aromatic rings. The temperature dependence of the HTP varies significantly with changes in the chiral additive and with changes in the nematic solvent. UV visible spectroscopy of a series of high HTP chiral additives based on an isosorbide benzoate core clearly demonstrate that the molecule has two predominant conformations and that the relative concentration of the two conformations changes substantially with temperature. The Boltzman distribution confirms that the change in the relative concentration is expected when the free energy difference between the conformations is greater than about 0.5 kcal/mol but less than 5kcal/mol. Molecular modeling supports this thesis with the isosorbide series, showing two low energy conformations of the central core resembling the boat and chair conformations familiar in cyclohexane. Molecular modeling also demonstrates a large change in the twist in the molecular structure for these two conformations and therefore we can expect alarge difference in their HTP. This combination of changes in the conformer distribution combined with the expected difference in the HTP of each conformer results in the large temperature dependence of the HTP. Understanding the basic mechanism of the temperature dependence of the HTP of chiral additives is the first step in designing the materials with the little or no change in HTP with temperature required for a wide variety of electrooptic applications.
